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Introduction
The difficulties associated with the machining of titanium alloys are well known in industry; in the scientific literature these alloys are classed as being "hard to machine" due to their physicochemical and thermomechanical properties [1] [2] [3] . These materials have low thermal conductivity that limits heat transfer and causes high localized temperatures in the cutting zone (>1000 C). The chips formed in typical cutting conditions are fragmented. The pioneering work of Shaw [4] in the early 1950s attempted to better understand the mechanism of chip formation in titanium alloys. This author suggested that the creation of fragmented chips was linked to instability during cutting that resulted from a competition between thermal softening and strain-hardening mechanisms in the primary shear zone. Later, Komanduri [5] and Barry [6] came to similar conclusions: Komanduri by undertaking orthogonal cutting tests inside a scanning electron microscope and by filming chip formation and Barry by acoustic emission measurements. The chip fragmentation is linked to the temperature increase at the tool tip, which can cause the transformation of a hexagonal close-packed a phase structure, with only a few slip systems, to a body-centered cubic b phase structure, with more slip systems [7, 8] . The increased number of slip systems allows for greater strain localization [9] . This, in association with a significant and localized increase in temperature, promotes the formation of adiabatic shear bands [10] enabling the fragmentation of the chip. However, certain authors report that no phase change occurs in the shear bands during the machining process [11] . According to other authors, the formation of saw-tooth shaped chips could also be attributed to the periodic development of cracks from the outer surface of the chip in the primary shear zone [12] . This type of investigation is important even if the study of chip morphology is not an end in itself. It provides information about the cutting process, which can improve the productivity of the machining of titanium alloys by increasing the integrity of the machined surface and the wear behavior of the tool [13] . At the same time, numerical modeling methods have proven effective [14] and the performance of finite element analysis (FEA) software has improved [15] . It is now possible with commercial general purpose FEA software packages [16] to have an overview of the chip formation mechanisms, as quantitative data concerning the transient stress, strain, and temperature fields can be obtained in the cutting zone. These results, however, only have meaning if suitable material models are used. Finding a material behavior model that is representative of the extreme conditions in the cutting zone remains a major challenge that must be overcome. The strain rates in the primary shear zone are estimated to be in the range of 10 4 -10 6 s À1 in conventional machining [17] . By using the finite element method Shih [18] estimated that the heating and cooling rates can be up to 106 K/s. In addition these loads occur in very localized zones, which results in very high gradients.
The objective of this work is, therefore, to determine the material behavior models representative of the extreme conditions encountered during a machining operation for two titanium alloys: Ti6Al4V and Ti555-3. A Johnson-Cook constitutive model is used and is briefly described in Sec. 2. In order to identify the parameters of the law, specific and adapted mechanical tests have been developed. In particular "hat-shaped" specimens have been used. Section 3 presents the experimental setup and the principal results. Section 4 is devoted to the identification of the parameters of the constitutive model by an inverse method. These parameters are compared to the corresponding coefficients found in the literature for the Ti6Al4V alloy. Special attention is given to the test conditions described in the bibliography. The analysis of the shear zones in chips and hat-shaped specimens is presented in Sec. 5 for both titanium alloys. Section 6 concludes the paper highlighting the main results of the study.
2 Experimental Investigation 2.1 Materials. The investigations focus on two titanium alloys: Ti555-3 and Ti6Al4V. The chemical composition of these materials is presented in Table 1 .
Note that the microstructure of the two materials is very different ( Fig. 1 ). It is due to presence of elements called a (a) stabilizers like Al, O, N… or elements called b (b) stabilizers like Mo, V, Fe, Cr…, which, respectively, promote the formation of a phase and b phase. Considering chemical composition, Table 1 gives the value of aluminum and molybdenum equivalent parameters for both alloys. The Ti6Al4V titanium alloy is a two phase alloy (a þ b) composed of hexagonal close-packed (hcp) a grains and an intergranular b phase ( Fig. 1(b) ). The Ti555-3 alloy consists of a b matrix with a body-centered cubic (bcc) structure and a particles in the form of nodules, ranging in size from about 1 lm to 5 lm ( Fig. 1(a) ). The end of the allotropic phase transformation from a to b phase occurs between 930 C and 960 C for the Ti6Al4V alloy and around 845 C for the Ti555-3 alloy [19] .
Loading Types Encountered in Machining.
During machining, three zones of intense deformation determine the chip formation (Fig. 2 ). The primary zone (ZI) is home to large deformations (several hundred percent), very high strain rates (up to 10 4 -10 6 s À1 ) and a temperature increase estimated to be several hundred degrees Celsius. This zone is subjected to very high shear stresses. The secondary (ZII) and tertiary (ZIII) zones are due to intense friction at the tool-chip interface and the tool-workpiece interface, respectively. These zones are also subject to shear stresses that result in an increase in temperature that can exceed 1000 C.
Thermomechanical tests are used to identify the material constitutive model, for a given material, to be used for the numerical modeling of machining operations. These tests must be able to reproduce, as faithfully as possible, the extreme shear stress conditions.
Extreme Shear Tests.
The thermomechanical tests undertaken in this work are performed using specimens referred to as hat-shaped specimens, developed by Hartmann [20] . They are typically tested at high strain rates for metallographic analyses. This geometry was tested by Meyers for an a-hcp titanium using a compression Kolsky bar apparatus [21] . It results in the creation of a localized shear zone ( Fig. 3 ) by loading the specimen in compression. Optical micrographs show that the shear zone is cylindrically shaped and located between the cylinder and the bore of the specimen [21] . The degree of localization depends on the difference in diameter between the cylinder and the bore. For the geometry used in this work, the strain rate obtained in the shear zone is ten times greater than the displacement speed at which the specimen is crushed in millimeters per second. For example, for a compression speed of 1 m/s the resulting strain rate is 10 4 s À1 .
To achieve these large strain rates, the tests were conducted on a Gleeble thermomechanical simulator. This machine is capable of conducting tests at high temperature (max. 1500 C) by resistive heating. To improve the electrical contact and to minimize the friction between the specimen and the anvils a nickel-based high temperature lubricant is applied at these interfaces.
The temperature measurements are carried out by two thermocouples welded onto the surface of the specimen as close as possible to the deformation zone. The force is measured by a load cell placed in series with the grips. The movement of the grips can be measured in two different ways depending on the test speed. At low strain rates (less than 10 mm/s) the displacement is measured using a linear variable differential transformer (LVDT) attached to the grips. For high test speeds, the hydraulic actuator is decoupled from the movable grip. It is accelerated to the desired speed and impacts the movable grip to achieve high strain rates. In this type of test the LVDT may be damaged. The displacement is then measured by the sensor giving the position of the hydraulic actuator. These displacement measurements, therefore, include the deformation of the grips in addition to the deformation of the specimen. It is, therefore, necessary to correct the force-displacement curves to take into account the stiffness of the experimental setup. In the following, only the corrected force-displacement curves are presented for analysis.
The tests are conducted in a primary vacuum (10 À2 Torr) for tests at ambient temperature and in a secondary vacuum (10 À5 Torr) for high temperature tests. In the latter case, the thermomechanical cycle consists of heating the material with a relatively slow heating rate (5 C/s) to the desired test temperature. This temperature is then maintained for 20 s to ensure that the temperature is uniform within the specimen. The mechanical test is then performed at the desired displacement speed. The repeatability of the result is systematically verified. The tests are performed on both titanium alloys at temperatures ranging from ambient temperature to 1000 C and at strain rates ranging from 1 s À1 to 10 4 s À1 .
2.4
The Influence of the Temperature. Tests at different temperatures are conducted at low strain rates to avoid significant self-heating effects in the shear zone during deformation. For the titanium alloys studied, the force-displacement curves obtained from these tests are shown in Fig. 4 .
A drop in axial force can be clearly seen for both alloys when the temperature increases. More specifically, the yield stress decreases with increasing temperature. This can be attributed to an increase in the density of mobile dislocation. Three types of behavior can be seen:
-For low temperatures (T < 0.3T f or T < 500 C), the force continues to increase with the displacement. Strainhardening mechanisms seem to dominate.
, after increasing, the force decreases. This behavior has also been observed by other authors [22] , who attribute these effects to a competition between the hardening mechanisms and thermal softening effects. Ankem [23] suggests a phenomenon of dynamic recovery. In this domain, the dislocations are annihilated faster than they are created. For the Ti555-3 alloy, the effect of thermal softening occurs earlier than for the Ti6Al4V alloy. The Ti555-3 alloy is richer in the b phase (bcc), which has been proven more sensitive to dynamic recovery compared to the a phase (hcp) [23] . -For high temperatures (T > 0.5 T f or T > 800 C), the behavior of two materials is different. For the Ti555-3 alloy the form of the curve changes. Strain hardening becomes once again the dominant phenomenon. For the Ti6Al4V alloy, at 900 C, the strain hardening mechanism is followed by a series of oscillations with decreasing amplitude before reaching a so-called stationary regime. Via metallurgical observations Ding and Guo noted similar effects for this alloy that they attribute to dynamic recrystallization that occurs during thermomechanical processing in the b phase field [24] .
These observations help to understand the metallurgical phenomena that occur during the test.
2.5 Influence of the Strain Rate. Tests with different strain rates are performed at ambient temperature. The forcedisplacement curves obtained for the two materials are shown in Fig. 5 .
It can be seen that there exists two distinct domains in terms of the sensitivity to the strain rate. The first is the quasi-static domain where the strain rate does not seem to have an important influence on the force (e p Á < 100 s À1 ). The second domain corresponds to dynamic tests, for which the force depends more strongly on the strain rate. Figure 6 shows the evolution of the maximum force obtained during the previously discussed tests as a function of the displacement rate. Higher strain rates tend to increase the material's strength due to higher flow stress for both alloys (b Ti555-3 and aþb Ti6Al4V).
Identification of the Material Behavior Model for the Two Alloys by an Inverse Method
The choice of an appropriate constitutive law is essential for the numerical modeling of the chip formation process. Describing the material behavior requires knowledge of the interactions between strain rate, temperature, and microstructure effects on the high-strain rate mechanical responses of the alloy. A wide variety of material behavior models have been proposed in the literature to account for these effects. The final choice is usually made by selecting a compromise between the ability of the behavior model to describe the relevant phenomena and the ease with which the model parameters can be experimentally identified. [25] developed a material behavior model to account for the effects of work hardening, the strain rate, and temperature for dynamic loading. It uses a multiplicative formulation that facilitates the identification process. The flow stress is given by the following equation (Eq. (1)):
where r is the flow stress of the material, e p is the equivalent plastic strain, e p Á is the equivalent plastic strain rate, T the temperature of the material, T ref the reference temperature, T f the fusion temperature of the material, e 0 Á the reference equivalent strain rate (here, e0 Á ¼ 1), A is the initial yield stress, B and n are coefficients related to the strain hardening, C is a coefficient controlling the sensitivity to the strain rate, and m controls the sensitivity to the temperature.
This law is the most used for the simulation of machining operations. It is selected for investigation in this work. Other more elaborate models, developed from numerical simulations of chip formation during machining, propose modifications to the Johnson-Cook law to reflect the competition between softening due to the temperature and strain hardening due to the deformation [26, 27] . The models of Zerilli and Armstrong [28] , on the other hand, are largely inspired by the theory governing the movement of dislocations in the material. They propose an expression for the flow stress as a function of equivalent plastic deformation, the strain rate, temperature, the average diameter of a grain, and the crystallographic structure of the material studied.
The Identification
Procedure. The identification of the Johnson-Cook model requires the estimation of five parameters A, B, C, n and m. The experimental data obtained in the tests described in Sec. 2 with varying temperatures and strain rates are used. The Johnson-Cook law is based on a noncoupled formulation of the terms related to the strain hardening, strain rate, and the temperature. But even if the formulation of the law is noncoupled, the experimental tests are. Indeed, it is not possible to perform a dynamic test at room temperature due to self-heating of the material in the shear zone. This influences the identification process because it is not possible to identify the term controlling the dependence of the strain rate without first identifying the term that controls the temperature dependence.
The general procedure for identifying the parameters of the Johnson-Cook model is as follows:
(1) identification of first three parameters (A, B, n) by quasistatic mechanical tests at room temperature; (2) identification of the temperature sensitivity parameter (m) by quasi-static tests at different temperatures; (3) identification of the strain rate sensitivity parameter (C) by testing at different strain rates at an initial ambient temperature. The complexity of the geometry of the hat-shaped specimens does not allow direct calculation of the stress and strain in the shear zone as a function of the force and displacement of the specimen. Numerical modeling must be done in order to identify the parameters of the constitutive model. The commercial finite element code ABAQUS 6.11-1 is used. An explicit integration scheme is used to better taken into account the dynamic aspects of the tests. The specimen is modeled as being a deformable solid and the two grips are modeled as being analytical rigid surfaces. The displacement rate is imposed on the reference point of the mobile grip. The reference point of the fixed grip is completely fixed in order to block all degrees of freedom. The compressive force exerted on the specimen is determined at the reference point of the mobile grip. At this point, it is simple to know at all the times the force and the displacement that can be plotted to establish the numerical force-displacement curve of the test. The specimen is modeled as being 2D axisymmetric. Quadrilateral fournoded elements are used in the shear zone (CAX4RT). The rest of the specimen is meshed with triangular elements (CAX3T) of larger size. The contact interfaces between the specimen and the rigid surfaces representing the grips are assumed to be frictionless. In order to take into account self-heating, the "Self-Heating" coefficient or the Taylor-Quinney empirical constant is set to 0.9. This value is typically used in numerical simulations, which implies that 90% of the plastic deformation energy is converted into thermal energy [29] . To determine the optimum Johnson-Cook parameter set, the Levenberg-Marquardt minimization algorithm [30, 31] is used. This algorithm is chosen because of its robustness and fastest convergence. It calculates an error function that compares the experimental force-displacement curves with the numerical curves obtained for a specific Johnson-Cook parameter set. The error function corresponds to the absolute sum of the difference between the two curves for each calculation step. The finite element model is used to compute the force-displacement curve for a given set of fixed parameters. The coefficients of the constitutive model are then modified (i.e., a new parameter set) until the numerical force-displacement curve corresponds to the experimental one. The force-displacement curve is, therefore, the convergence criterion for the identification. The coefficients of the constitutive model are automatically modified by the Levenberg-Marquardt optimization algorithm implemented in Matlab [32] . Figure 7 summarizes the identification procedure. The starting set of Johnson-Cook parameters is chosen to be the same for both materials studied. These data are the result of the work given in reference Ref. [33] for the Ti6Al4V alloy (see Table 2 ). A, B , and n. The first step of the identification procedure is to identify the hardening parameters (A, B, and n) using the quasi-static tests at ambient temperature (Fig. 8) . The curves obtained, for the best parameter set, show good agreement between the numerical and experimental results.
Identification of the Parameters
The resulting best parameter set (A, B, and n) are shown in Table 3 for the two materials 3.4 Identification of the Parameter m. The second step is to identify the parameter m by using a series of quasi-static tests at various temperatures. The previously identified hardening parameters are used and m is evaluated for each temperature condition (Fig. 9 ). The coefficient m is found to be different for each temperature. This indicates that the temperature term in the Johnson-Cook model does not adequately represent the material behavior in terms of temperature over the entire temperature range investigated.
Two temperature zones can be distinguished: one for temperatures below 600 C and the other at higher temperatures. This Transactions of the ASME change in m at approximately 600 C may correspond to the onset of dynamic recovery [23] . This temperature also fits with the start of the allotropic phase transformation from a to b. During this transformation, the phase ratio is changing with increasing b phase to the detriment of a phase. At higher temperatures, both materials are b phase alloys, which could explain the identical m value.
3.5 Identification of the Parameter C. The third step is to identify the parameter C from the results obtained in tests at different strain rates ranging from 1 to 10,000 s À1 . Once again, a single value for the parameter C cannot be identified over the entire range of strain rates tested. The results for both alloys are summarized in Fig. 10 .
The evolution of the parameter C from a certain strain rate can be related to a change in deformation mechanisms. New slip systems may be activated, particularly in the hcp structure of the Ti6Al4V alloy. Table 4 summarizes the parameters of the Johnson-Cook model determined in this work for both materials. Table 5 . The results are summarized in Table 6 . Note that the parameters obtained from the experimental results of Nemat-Nasser [9] and MacDougall [34] were calculated by Khan [35] . MacDougall is the only author to have carried out shear tests. To exploit their data, Khan [35] converted the shear stress and strain (s and c, respectively) to von Mises effective stress and effective plastic strain assuming r ¼ s ffiffi ffi 3 p and e p ¼ c ffiffi ffi 3 p
The results obtained from the Gleeble are generally consistent with the bibliographic data; their specificity is to correspond to a large range of strain rates and temperatures and strain levels (evaluated thanks to SEM observations of the deformed grains) that are well above those found in the literature. From the author's point of view, this may explain the differences observed between the results of this study and those found in the literature. The parameter C, in particular, is often identified using a small strain rate range, since the coefficient e 0 Á , which acts as a threshold to the strain rate effect, is generally equal to 1 in most studies [9, [34] [35] [36] [37] . Lee and Lin [22, 38] use a lower e 0 Á coefficient, but they identify C for a single strain rate of 2000 s À1 . It is, therefore, not surprising to maintain a constant C value. For a larger range of strain rates the mechanisms may change. The value of C can, therefore, evolve. The parameters of the Johnson-Cook model are valid only if the mechanisms remain constant. Other authors have made the same observation [39, 40] . Figures 11 and 12 show the comparison between the experimental and numerical curves obtained for the Ti555-3 alloy using 
Analysis of the Shear Zones
After being tested the specimens are sectioned in the axial direction and polished. After etching, they are observed by optical microscope and/or by scanning electron microscope (SEM). For comparison, orthogonal cutting tests are carried out on a lathe on bars of the Ti6Al4V and Ti555-3 titanium alloys with initial diameters of 150 mm and 200 mm in length. The selected tool was a CP500 (Seco) that has a tungsten carbide substrate and a PVD coating of type TiAlN þ TiN (rake angle: 5 deg, clearance angle: 7 deg, cutting tool edge radius: 35 lm). The resulting chips are observed under the same conditions as the hat-shaped specimens.
The micrographic observations of chips in the Ti555-3 titanium alloy show the appearance of white bands in the primary and secondary shear zones (Fig. 12 ). These bands are very hard and resistant to standard etchants used in metallographic studies. These white-etching layers are not observed during machining of the Ti6Al4V alloy, neither in this study nor in those of other authors [10, 11, 41, 42] . They have been observed in the literature for the machining of hard steels [43, 44] . The common agreement is that they are composed of very fine grains. The occurrence of a phase transformation is also often discussed. In general, the bands appear after a large rise in temperature and/or intense plastic deformation. Figure 13 compares the shear zones observed in the Ti6Al4V and Ti555-3 alloys in chips (cutting speed: 60 m/min, feed: 0.2 mm/rev, cutting tool edge radius: 35 lm) and in hat-shaped specimens ( _ e ¼ 10 4 s À1 À T ¼ 20 C). White bands can be found in the hat-shaped specimen of the Ti555-3 alloy, which are similar to those found in the chips. These observations show that it is possible, in the Ti555-3 alloy, to have the appearance of white bands due to simple dynamic shear with no frictional effects. However, in this study, no white bands are observed in the Ti6Al4V alloy, neither in the hat-shaped specimens nor in the chips.
Other authors have observed this type of white bands in the Ti6Al4V alloy that occur during compression tests on SHPB devices (Table 7 ). In particular, Xu et al. [45] noticed that during Transactions of the ASME tests at ambient temperature, the localized shear bands first appear in the form of shear bands deformed up to a strain rate of 1750 s À1 . When the strain rate increases the width of the bands decreases. For a strain rate of 2000 s À1 , the shear bands are transformed into white-etching bands. It is important to note that in these compression tests under dynamic loading conditions, the plasticity does not spread uniformly in the specimen and is limited to a local region [9, 45] . The strain rate measured during compression tests on the SHPB devices is equal to the global strain rate. However, locally the strain rate can be much larger. It is possible that the tests conducted in this study using the Gleeble device do not reach the local strain rates encountered in compression SHPB tests.
In the Ti555-3 alloy, the white bands observed in the hatshaped specimens also appear at low strain rates (1 s À1 ). Figure 14 shows at this strain rate, the evolution of the thickness of the white bands as a function of test temperature. An increase in temperature seems to favor the formation of white bands.
In order to characterize the white band in the Ti555-3 alloy, a comparison between the phases present in the base material and the white bands on the rear face of the chips for different cutting speeds, is carried out (Fig. 15) . A diffraction peak analysis shows that the base material is composed of 60.7% b phase and 39.3% a phase. For cutting conditions of Vc ¼ 50 m/min and f ¼ 0.15 mm/ rev, the proportion of a phase in the white bands on the back of the chips decreases sharply to a value of 28.1%. During tests with more severe cutting conditions, (Vc ¼ 90 m/min), the white bands have a thickness of approximately 20 lm and are composed of only 11% a phase. Therefore, when the cutting speed increases, the proportion of phase a in the white bands has a tendency to decrease in the Ti555-3 alloy. These experimental results show that white-etching bands are formed more easily in the Ti555-3 alloy (principally b phase) than in the Ti6Al4V alloy (a þ b structure). In addition phase transformations from a to b are clearly observed in the formation of white bands. This can probably be partly explained by a lower b-transus temperature in the Ti555-3 alloy than in the Ti6Al4V alloy.
Conclusions
From this investigation of the Ti6Al4V and Ti555-3 alloys, it can be concluded that:
(1) Dynamic shear tests were conducted on hat-shaped specimens. These tests are representative of the conditions encountered in machining in terms of strain, strain rate, and temperature and have been used to identify the parameters of the Johnson-Cook material behavior model for two titanium alloys. These results are original for the Ti555-3 alloy. (2) To be as representative as possible of the experimental results, the parameters of the Johnson-Cook model are not considered to be constant over the range of strain rates and temperatures tested. This reflects a change in the mechanisms governing the deformation. (3) Microstructural observations of hat-shaped specimens and chips highlight the appearance of shear bands in both materials. The observed bands can be classified as white-etching bands only for the Ti555-3 alloy. The white bands are formed more easily in this alloy due to its predominately b phase structure compared to the Ti6Al4V alloy with a a þ b structure. (4) The thickness of the white bands formed in the Ti555-3 alloy increases as the temperature increases. (5) The proportion of a phase in white bands formed in the Ti555-3 alloy decreases when the cutting conditions become more severe.
